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Abstract

I/O bottlenecks are alreadya problemin manylarge-
scale applications that manipulatehuge datasets. This
problemis expectedto getworseasapplicationsget larger,
and the I/O subsystemperformancelagsbehindprocessor
and memoryspeedimprovements.Caching I/O blocks is
oneeffectivewayof alleviatingdisklatencies,andtherecan
bemultiplelevelsof cachingona clusterof workstations.

Previousstudieshaveshownthe benefitsof caching —
whetherit belocal to a particular node, or a sharedglobal
cacheacrossthecluster— for certainapplications.How-
ever, we showthat while caching is usefulin somesitua-
tions, it can hurt performanceif we are not careful about
what to cache and whento bypassthe cache. This paper
presentscompilationtechniquesandruntimesupportto ad-
dressthis problem.Thesetechniquesare implementedand
evaluatedon an experimentalLinux/Pentiumcluster run-
ning a parallel file system.Our resultsusinga diverseset
of applications(scientificandcommercial) demonstratethe
benefitsof a discretionaryapproach to cachingfor I/O sub-
systemsonclusters,providingasmuch as33%savingsover
indiscriminatelycachingeverythingin someapplications.

1. Introduction

As processorspeedscontinueto advanceatarapidpace,
accessesto theI/O subsystemareincreasinglybecomingthe
bottleneckin the performanceof large-scaleapplications
that manipulatehugedatasets.Large buffers in memory
(referredto ascachesthroughoutthis paper)areoneway
of alleviating this problem,providedwe canachieve good
hit rates. However, unlike the traditional instruction/data
cachesthat are provisionedin the hardware of processor
architectures,I/O cachesareimplementedin softwareand
have much higher overheads. Further, the levels of I/O
cachingon someof the parallel environments(including
clusters)canspanmachineboundaries,requiringnetwork
messagesfor cacheaccesses.It is thusvery importantto
beableto determinewhatshouldgo into anI/O cacheand
�
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whenwe shouldavoid accessingit, apartfrom improving
thehit rateitself. Thispaperaddressesthis importantprob-
lem,presentingthedesign,implementation,andevaluation
of a cluster-based,parallel file systemwith an I/O sub-
systemthat provides two levels of discretionarycaching.
The paperdemonstratesthe benefitsof suchdiscretionary
cachingmechanismswith compilerandruntimeoptimiza-
tions.

While the parallelismofferedby the numerousdisksin
a clustercanalleviate the I/O bandwidthproblem,it does
not really addressthelatency issuewhich is largely limited
by seekandrotationalcosts.Cachingdatablocksin mem-
ory is awell knownwayof reducingI/O latencies,provided
we canachieve goodhit rates.I/O cachingis typically im-
plementedin software(not thedisk/controllercaches),and
theoverheadsof cachelookupandmaintenancecanbecome
quitehigh.Further, it hasbeenshown[10] thatwemayneed
multiple levelsof caching.For instance,in PPFS[10], a lo-
calcacheateachnodeof theparallelsystemcatersto thein-
dividualprocessrequestsat thatnode,anduponamissgoes
to a sharedglobalcache(runningon oneor morenodesof
the cluster)which canpossiblysatisfy requeststhat come
from differentnodes. On suchsystems,the costof going
to theglobalcache— requiringa network message— and
not finding the datathere(beforegoing to the disk) might
be quite substantial.Consequently, it becomesextremely
important to intelligently determinewhat to place in the
cachesandwhento avoid (i.e., bypass)the cache(partic-
ularly the cacheswhoselook up costsarehigher) on I/O
requests.This largely dependson the dataaccesspatterns
of theworkload.To our knowledge,the issueof exploiting
applicationbehavior for suchI/O cacheoptimizationson
clustershasnot beenstudiedpreviously. Therehasbeen
similar work (e.g., [11]) in the context of hardware data
CPU caches,but the costsfor I/O cachingareof a much
highermagnitude.

Ratherthanimplementingall theAPIs/featureof a full-
fledgedparallelfile systemto investigatetheseissues,we
startwith a publicly-availableparallelfile system— PVFS
[1] — for Linux/Pentiumclusters. We have considerably
extendedthis systemto incorporatea kernel level cache
moduleateachclusternodeto caterto all therequests(pos-
sibly differentapplications)comingfrom thatnode,which
wereferto asthe local cache. We alsohave implementeda
sharedglobal cache (betweenprocessesrunningon differ-



entnodesof anapplication,or evenacrossapplications)that
runsononeor morenodesof thecluster. Thisglobalcache
receivesrequestsfrom thelocalcacheandservicesthem.If
the lookup fails in the global cacheaswell, the requestis
forwardedto oneor morenodeswhosedisksareusedfor
stripingthedata.

The restof this paperis organizedas follows. Section
2 identifiessomework relatedto this paper. Section3 de-
scribesthe systemarchitectureandimplementationdetails
of our I/O subsystemon the Linux cluster, togetherwith
someraw performancenumbers.The compiler-basedand
runtime-basedoptimizationsarepresentedandevaluatedin
Sections4 and5 respectively. Finally, Section6 summa-
rizesthecontributionsof thispaperanddiscussesdirections
for futurework.

2. Related Work

Softwarework on high-performanceI/O canberoughly
dividedinto threecategories:parallelfile systems,runtime
I/O libraries, and compiler work for out-of-corecompu-
tations. A numberof groupshave studiedautomaticde-
tection and optimizationof I/O accesspatterns(e.g., see
[14, 13] andthereferencestherein).Othershave proposed
parallelfile systemsandI/O runtimesystemsthat provide
users/programmerswith easy-to-useAPIs [2, 16, 4]. While
thesesystemsallow users/programmersto exploit optimiza-
tionsfor I/O, it is still in generaltheuser’s responsibilityto
selectwhich optimizationto apply anddeterminethe suit-
ableparametersfor it. Obviously, this putsa greatburden
on users,asin mostcasesit is not trivial to selectwhatop-
timization(s)to useandtheaccompanying parameters.Our
work insteadtries to bring the advantagesof I/O caching
withoutmuchusereffort.

Therehasbeena considerableamountof prior work on
optimizing I/O andI/O caches[5, 17, 12, 15, 6], someof
whichhasbeenonclustersaswell. Maybethemostclosely
relatedwork to oursarethe approachespresentedin three
prior systems,namely, MPI-IO [8, 3], PVFS[1], andPPFS
[10]. MPI-IO [8] is an API for parallel I/O aspart of the
MPI-2 standardandcontainsfeaturesspecificallydesigned
for I/O parallelismandperformance.ThisAPI hasbeenim-
plementedfor a wide varietyof hardwareplatformsinclud-
ing clusters[18]. Themainoptimizationsin MPI-IO arefor
non-contiguousparallelaccessesto shareddata,mainly at
theuser-level. As aresult,theuserneedsto haveathorough
understandingof the applicationto gleanthe dataaccess
pattern,andbe familiar with the numerouscalls to invoke
the appropriateoptimizationroutine. SinceMPI-IO itself
doesnotspecifyany cachingfunctionality, its responsetime
is largely determinedby the cachingcapabilitiesprovided
by the underlyingfile system. PVFS[1] is a parallel file
systemfor Linux clustersthatpresentsthreedifferentAPIs,
andaccommodatesfrequentlyusedUNIX file tools. Its op-
timizationsfor non-contiguousdataareperhapslesspower-
ful thanMPI-IO’soptimizations.Theworkpresentedin this
paperaugmentsPVFSwith alocalandglobalcachingcapa-
bility, benefitingfrom its rich originalAPIs. PPFS[10] is a
user-level I/O library thathasbeenimplementedfor several
parallel machinesand clusters. This systemdiffers from
theothertwo in thatit offersruntime/adaptiveoptimizations
(not just an API) aswell in termsof caching,prefetching,
datadistribution andsharing.Thedifferencesof our work

fromPPFSarein thatweareexaminingthebenefitsof com-
piler/runtimedirectedcachebypassingtowardsoptimizing
thehit ratesof oneor moreapplicationsrunningontheclus-
ter. Many of theideasfrom PPFSfor prefetching,distribu-
tion, andsharingcanbe usedin conjunctionwith what is
presentedhere.

3. System Architecture

Our systembuilds on the architectureof the previously
proposedParallelVirtual File System(PVFS)[1] sincewe
did notwantto re-inventtheAPIsandmechanismsfor pro-
viding asharednamespaceacrossthecluster, andfacilities
for distributing/stripingthefile dataacrossthedisksof the
clusternodes.PVFSalsoprovidesseamlesstransparentac-
cessto severalexistingutilities onnormalfile systems.

3.1. PVFS

The original PVFS is a mainly user-level implementa-
tion, i.e., there is a library (libpvfs) linked to application
programswhich providesa setof interfaceroutines(API)
to distributeandretrievedatato/fromthefilesstripedacross
theclusternodes.In additionto thelibrary, PVFSusestwo
othercomponents,bothof which runasdaemonsononeor
morenodesof thecluster. Oneof theseis ameta-dataserver
(calledmgr), to which libpvfs sendsrequestsfor meta-data
information(accessrights,directories,file attributes,etc.).
In addition,thereareseveralinstancesof a dataserverdae-
mon(calledIOD), oneoneachof themachineswhosedisk
is beingusedto storethedata.Thisdaemon(againrunning
attheuserlevel) listensonsocketsfor requestsfrom libpvfs
functionson clientsto read/writedatafrom/to its local disk
usingnormalLinux file systemcalls.Thereaderis referred
to [1] for furtherdetailson thefunctioningof PVFS.

3.2. Overview of System Architecture

Our systemprovides two levels of caching— a local
cacheateverynodeof theclusterwhereanapplicationpro-
cessexecutes,andaglobalcachethatis sharedby different
nodes(andpossiblydifferent)applicationsacrosstheclus-
ter. The designand implementationof the local cacheat
eachnodeis describedin anearlierwork [21], andherewe
quickly go over it for completeness,andthenconcentrate
on theglobalcache.

3.2.1 Local Cache

Therearetwo alternativesfor implementingthelocalcache
ateachnode.Oneoptionis to implementthecachingwithin
the library that is linked with the application(user-level).
However, with this approachwe do not have theflexibility
of sharingcachedatabetweenapplicationprocessesrun-
ning on the samenode. This is the reasonwhy we opted
to implementthe local cachewithin the Linux kernel (a
dynamically-loadablemodule),thatcanbesharedacrossall
theprocessesrunningon thatnode.Only whentherequest
missesin this cache(eitherall or someof the requestcan-
not besatisfiedlocally), is anexternalrequestinitiatedout
of thatnode,eitherto theglobalcacheor to theIODsaswill
beexplainedlater. Thedetailsof ourlocalcacheimplemen-
tationcanbefoundin [21].



3.2.2 Global Cache

Theglobalcache,asexplainedearlier, addsonemorelevel
to the storagehierarchybeforethe disk at the IOD needs
to be accessed.Therearenumerousquestions/alternatives
whenimplementingtheglobalcacheandwe go over them
in thefollowing discussion,explainingtherationalebehind
thechoiceswemakespecificallyin our implementation:
� Shouldthere bea globalcachefor each file, or should

all files share the samecache? While there may
be somescopefor detectingaccesspatternsacross
datasetsfor optimizations,our currentsystemusesa
separateglobalcachefor eachfile.

� Shouldeach applicationhaveits ownglobalcache, or
shouldwe share a global cache acrossapplications?
Sinceoneof our goalsis to be ableto performinter-
applicationoptimizationsbasedon sharingpatterns,
we have optedto sharetheglobalcacheacrossappli-
cations. This canhelp oneapplication(even its cold
references)benefitfrom thedatabroughtin earlierby
anotherfrom the cache. Thereis, however, the fear
of worsemissratesif thereis interferencebecauseof
suchsharing,andthesearepointsthat our cacheby-
passmechanismswill addresslater. This featureis
onekey differencebetweenoursystemandPPFS[10]
wherethe global cacheis intendedfor optimizations
within theprocessesof asingleapplication.

� Shouldtheglobalcachebeimplementedasa userpro-
cessor as a kernel module? The reasonfor a kernel
level implementationfor the local cacheis dueto the
needfor trappingall applicationrequestscoming at
that nodefrom the differentprocessesvia the PVFS
calls. However, with the global cache,TCP/IPsock-
etsarebeingexplicitly usedfor sendingmessagesto
it from theindividual local cachesregardlessof which
applicationprocessis makinga call. Theconvenience
andflexibility (optionof busy-waiting) of a user-level
implementationhas led us to implementthe global
cachefor a specifiedfile as a stand-alone,user-level
daemonrunningona specifiednodeof ourcluster.

Eachglobal cachein our systemis, thus, a user level
processservingrequeststo aspecificfile runningonaclus-
ter node, to which explicit requestsare sentby the local
caches,andis sharedby differentapplications.Theinternal
datastructuresandactivities of the global cachearemore
or lesssimilar with thosefor the local cachethatwerede-
scribedearlier. Onecoulddesignatesuchglobalcacheson
differentnodes(for eachfile), particularlyon thosenodes
with largerphysicalmemory. Consequently, this architec-
tureis alsowell suitedto heterogeneousclusterswhereone
or morenodesmayhavelargeramountsof memorythanthe
others.

3.2.3 Reads/Writes

Figure1 givesa schematicoverview of our system.Let us
now briefly go over a typical readoperation(therecould
besomedifferenceswhenoneor morelevelsof cachingare
disabledaswill bediscussedlater)tounderstandhow every-
thing workswhenanapplicationprocesson a nodemakes
a readcall, possibly to several blocks that spandifferent

IODs. The original PVFSlibrary on the client aggregates
therequeststo aparticularIOD, beforemakinga socket re-
quest(kernelcall) to thenoderunningthat IOD. Our local
cacheinterceptsthis call in thekernelandchecksto seeif
all or evena partof it canbesatisfiedlocally. If theentire
requestcan be satisfiedwithout a network message,then
thedatais returnedto thePVFSlibrary andtheapplication
proceeds.Otherwise,thelocalcachemoduleaccumulatesa
list of requeststhatneedto befetched.A subsequentmes-
sageis sentto the global cachewith theserequests(Note
that this may change,andthe requestsaredirectly sentto
IODs if theglobalcacheis bypassed).Themulti-threaded
global cachekeepslisteningon a dedicatedsocket for re-
quests,anduponreceiving suchamessagelooksup its data
structure.If it cansatisfythe requestscompletelyfrom its
memory, it returnsthe datato the requestinglocal cache.
Otherwise,it sendsa requestmessageto eachof the IODs
holdingcorrespondingblocks,storestheblocksin its mem-
ory whenit getsresponsesfrom theIODs,andthenreturns
the necessarydatato the requestinglocal cache. A write
operationworks similarly except that the writes areprop-
agatedin the background,andcontrol is returnedbackas
soonasthewritesarebuffered.

Theabove readandwrite operationsarethemostcom-
mon,andcanbenefitsignificantlyfrom spatialandtempo-
ral locality in the caches.However, with the presenceof
multiple copiesfor datablocks,thereis the issueof coher-
ence/consistency. Theaboveread/writemechanismsdonot
worryaboutconsistency, andareadsimplyreturnsthevalue
in a versionof theblock that it finds(i.e., thewrite is only
propagatedto theglobalcacheandIOD — any subsequent
readto theglobalcache/IODwill get this value,but a read
from a nodethat alreadyhasthis block in its local cache
will not get this latestvalue). In our system,we alsopro-
videaspecialversionof thewrite, calledsyncwrite, which
notonly propagatesthewritesto theglobalcache/IOD,but
alsoinvalidatesthelocal cacheswhich havea copy (sothat
subsequentreadson thosenodescangoouton thenetwork
andgetthelatestcopy). Coherenceis maintainedatablock
granularity, andthusrequiresa directoryentryperblock to
keeptrack of the local cachesthat have a currentcopy of
thatblock. Moredetailscanbefoundin [22].

Theexperimentalresultspresentedin thispaperarefrom
a Pentium/Linuxbasedclusterof workstations.Eachnode
on this clusterhasa 800 MHz Intel Pentium-III (Copper-
mine) microprocessorwith 32KB of L1 cache,256KB of
L2 cache,and128MBof PC-133mainmemory. Theglobal
cacheis run on oneof the nodesthat contains384 MB of
main memory. Eachnodeis also equippedwith a 20GB
Maxtorharddiskdriveanda32bitPCI10/100Mbps3-Com
3c59xnetwork interfacecard. All thenodesareconnected
througha LinksysEtherfast10/100Mbps16porthub.

3.3. Performance of Primitives

Before we go any further into our optimizations,we
would first like to presentsomeraw latency numbersand
micro-benchmarkresultsfor readand write performance
with the presence/absenceof thesecaches.For theseex-
periments,thelocal cachesizewasfixedat 2MB (500data
blocks), while the global cachesize was fixed at 40MB
(10000datablocks). Also, a stripesizeof 32KB is used
in all ourexperiments.
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the clients where one or more application pro-
cesses run, and have a local cache present.
Upon a miss, requests are either directed to
the global cache (one suc h entity for a file),
or is sent directl y to IOD node(s) containing
the data in the disk(s).

3.3.1 Raw Latencies for Reads/Writes

In thefirst setof results(seeTable1), we give thereadla-
tenciesfor a file stripedover differentnumberof IODs (1
to 4). In thesetables,Pvfs denotesthereadlatency of the
originalPVFSsystemwhichdoesnotuseany caching(local
or global).Local Hit indicatesthelatency whentheac-
cessis satisfiedfrom local cacheandLocal Miss is the
latency whentheaccessmissesin thelocalcacheandis sat-
isfiedfrom oneor moreIODs. Thelattercasethuscaptures
theexecutiononasystemwithoutaglobalcache.Global
Hit andGlobal Miss, on the other hand,denotethe
caseswhentheaccessmissesin thelocalcache(i.e.,a local
cachelookup is still needed)andhits andmisses,respec-
tively, in theglobalcache.

Fromthesenumbers,we clearlyseethat thelocal cache
hits (Local Hit) cansubstantiallylower readcostscom-
paredto the original PVFSimplementation.On the other
hand,if the locality is not good,causingus to missin the
localcache(i.e.,Local Miss), theperformancebecomes
worsethanoriginal PVFSfor all requestsizesbecauseof
the overheadsin looking up the local cache. This is also
suggestive that it is not only importantto improve the hit
behavior of thelocal cache,but it is alsomeaningfulto by-
passthe local cacheon certainlookupsif we feel that it is
goingto miss.

Whenwe next move to the scenarioswith the accesses
to global cache(missesin local cache),we first seethat

Table 1. Read times (msec) for diff erent re-
quest sizes and number of IODs ( � �
	��
� ).

RequestSize ��� 4K 8K 16K 32K 64K 128K� �����������
Pvfs 1.09 2.27 4.31 9.48 19.04 38.52
LocalHit 0.67 0.68 0.72 0.80 0.97 1.59
LocalMiss 1.25 2.28 4.61 9.54 20.77 44.23
GlobalHit (LocalMiss) 1.43 1.71 2.44 4.26 8.14 15.28
GlobalMiss (LocalMiss) 2.00 2.85 5.86 11.49 23.85 50.42
RequiredHR 1.59 0.50 0.45 0.27 0.30 0.33� �����������
Pvfs 1.12 1.99 3.82 7.84 14.16 24.09
LocalHit 0.74 0.83 1.03 1.38 2.43 4.34
LocalMiss 1.32 2.08 4.36 8.07 18.59 36.49
GlobalHit (LocalMiss) 1.51 1.85 2.62 5.01 8.32 17.77
GlobalMiss (LocalMiss) 2.05 3.31 5.93 11.91 24.78 49.06
RequiredHR 1.72 0.90 0.63 0.58 0.64 0.79� �����������
Pvfs 1.08 1.83 3.52 6.17 12.00 20.04
LocalHit 0.75 0.84 1.01 1.41 2.42 4.50
LocalMiss 1.31 2.35 4.48 8.19 18.96 26.90
GlobalHit (LocalMiss) 1.23 1.66 2.45 4.80 8.67 19.26
GlobalMiss (LocalMiss) 1.87 3.36 6.30 12.06 30.71 54.14
RequiredHR 1.23 0.90 0.72 0.81 0.84 0.97� ��������� �
Pvfs 1.08 1.63 3.33 5.32 10.64 19.06
LocalHit 0.76 0.84 1.01 1.40 2.41 4.68
LocalMiss 1.32 2.18 4.50 8.61 14.47 21.76
GlobalHit (LocalMiss) 1.48 1.67 2.80 4.70 9.10 19.50
GlobalMiss (LocalMiss) 1.88 3.87 6.10 12.33 26.07 49.62
RequiredHR 2.00 1.01 0.83 0.91 0.90 1.01

Table 2. Write times (msec) for diff erent re-
quest sizes and number of IODs ( � �
	��
� ).

RequestSize ��� 4K 8K 16K 32K 64K 128K 256K� ���!�������
Pvfs 0.68 1.03 1.97 3.95 7.83 15.94 31.09
Caching 0.55 0.56 0.60 0.96 1.05 1.76 3.15� ���!�������
Pvfs 0.68 1.27 1.90 3.77 9.86 15.44 29.61
Caching 0.60 0.67 0.84 1.43 2.04 3.70 7.19� ���!�������
Pvfs 0.68 1.04 1.85 3.62 8.23 15.74 29.40
Caching 0.59 0.68 0.87 1.37 2.08 4.01 7.79� ���!����� �
Pvfs 0.68 1.02 1.95 3.58 8.18 15.87 29.09
Caching 0.60 0.68 0.90 1.55 2.17 4.30 8.02

theglobalcachecanlower accesstimes,providedthedata
is presentthere, comparedto the original PVFS without
cachingin many cases(i.e., requestslargerthan4KB). It is
alsobetterthanfetchingthedatadirectly from IODsupona
local cachemiss(LocalMiss). However, globalcachemiss
costsaresubstantiallyhigherthanany of theothercasesbe-
causeof theadditionalmessagehopthatoccursin thecriti-
cal pathandtheassociatedlookupcosts.Thissuggeststhat
if wewantto incorporateandbenefitfrom theglobalcache,
it is very importantto keepits hit ratequite high. In fact,
theRequired HR rows in Table1 give theminimumhit
ratesthat areneeded(for eachrequestsize)to tilt the bal-
ancein favor of theglobal cachecomparedto theoriginal
PVFS.A valuelargerthan1 in theserows indicatethatit is
impossibleto generatebetterresultsthantheoriginalPVFS
usingthatrequestsizeandthenumberof IODs. Thisagain
meansthatweneedto beverycarefulonwhatto put in the
globalcacheandwhento avoid goingthroughit.

Table2givesthetimesfor writeoperationsto returnback
to theapplicationafter they areissuedwith differentnum-
berof IODs involved. We comparetheperformanceof the



original PVFScode(denotedPvfs) with our systemhav-
ing a local cache(denotedCaching). We arenot sepa-
ratelygiving thecostsasin thereadtable(Table1) for the
otherscenariosasthey arecomparableto thescenariowith
alocalcache(thewritesaresimplyaccumulatedin thelocal
cache,anda backgroundactivity — flusher— propagates
thesewritesto eithertheglobalcacheor theIOD). We can
seethatwrite stall timesaresignificantlylower becauseof
this featureasis to be expected. It is to be notedthat the
savings that will be presentedlater in this paperwith our
optimizationsarenot a resultof thesenon-blockingwrites,
sincewe show savings even over the scenariosthat cache
everythingin the local/globalcaches(which alsoperforms
non-blockingwrites).

We have also conducted experiments with micro-
benchmarksandtheir resultscanbe found in [22]. These
resultsalsoreiteratethatit is importantto notonly cacheat
eachnodelocally, but alsoat a globalpoint, sincethis can
cover someworking setslargerthanthelocal cache.How-
ever, suchcachingturnsout to bea problemwhenthereis
poorlocality, performingworsethannotcachingatall.

3.4. Cache Bypass Mechanisms

The resultsin the previous subsectionindicate that it
is important to provision a local and a global cachefor
goodperformance.However, our resultsalsoshow thatit is
equallyimportantto bevery carefulin decidingwhatdata
to placein thesecachesandwhento avoid/bypassthem.

Oursystemprovisionsmechanismsfor bypassingthelo-
caland/orglobalcachesfor areadorwrite. Oursystemdoes
not requireany different read/writecalls to specify that a
cacheneedsto bebypassedsincethatcangetcumbersome,
andit is notclearhow sucha mechanismcanbeeffectively
usedby applicationprogrammers.Instead,we provide the
notionof a segment— a certainnumberof contiguousfile
blocks (unlessexplicitly statedotherwise,a segmentof 4
blocksis usedin theexperiments)— with a setof bits de-
terminingwhatactionsto beperformedonaread/write.For
eachoperation(reador write), we have two bits, oneeach
for specifyingwhetherthatoperationfor thesegmentneeds
to go throughthe local cacheand anotherfor whetherit
needsto go throughthe global cache. We thusprovide a
segment-level granularityfor cachebypassing.

These(segment)bits can be set via a systemcall that
updatesa datastructurein the underlyingkernel module
(implementingthe local cache)at each node. When a
read/writecall is made,this bitmapdatastructureis con-
sultedto find out whetherto look up the local cache,and
whetherto routetherequestto theglobalcacheor directly
to the IOD. The systemcall to setthesebits caneitherbe
explicitly doneby theapplicationprogramor beinvokedby
instructionsinsertedinto the codeby the compiler. These
bits canalsobesetby the runtimesystembasedon previ-
ousexecutioncharacteristics.Therestof thispaperexplores
thebenefitsof cachebypassing,andwaysof initiating such
bypasswith thecompilerandtheruntimesystem.

4. Compiler-directed Cache Management

An optimizing compilercanhelp us identify what data
shouldbebroughtinto theglobalcache.It canachieve this

usingat leasttwo strategies. In thefirst strategy, thecom-
piler adoptsa coarse-granularapproachanddeterminesthe
arraysthat areusedfrequentlyprogramwide. It achieves
thisby estimating(atcompiletime) thenumberof accesses
to eacharrayin thecode. More specifically, for eachloop
nest,thecompilercountsthenumberof referencesto each
arrayandmultipliesthesecountsby thetrip counts(number
of iterations)of all enclosingloops.If thereis aconditional
flow of control (e.g.,an if-statement)within the loop, the
compilerconservatively assumesthatall possiblebranches
areequallylikely to be taken. Note that if we have profile
dataon branchprobabilities,it is straightforwardto exploit
it for obtaininga moreaccurateestimate.Anotherpoten-
tial problemis thecompile-timeunknown loop bounds.In
suchcases,the compiler can estimatethe numberof ac-
cessessymbolically. Note that previous symbolicmanip-
ulation techniques(e.g., [9, 7]) can be usedherefor this
purpose.After doing suchanalysis,the compilerusesthe
globalcachefor reads/writesto thefiles with themostref-
erences(dependingon how many suchfiles canfit in the
globalcache).

An importantdrawbackof this coarse-granularstrategy
is that it fails to captureshort-termlocalities.For example,
in agivenlarge,I/O-intensiveapplication,anarraymightbe
accessedvery frequentlyin thefirst half of theapplication
andis not accessedin thesecondpart. However, thestrat-
egy describedabovecancontinueto cachethesegmentsof
this arrayin the secondpartof theapplicationif the over-
all (programwide) accesscountof this arrayis larger than
thoseof the others. Our secondstrategy tries to eliminate
this drawbackof thecoarse-grainmethodby managingthe
globalcachespacein anestbasisfocusingonsegmentgran-
ularity.
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Figure 2. tomcatv: impact of problem size (a)
Global cache is 20MB, (b) Global cache size
is 200MB.

Specifically, in our secondstrategy, the compilerdeter-
minesthe blocks that will be accessedin eachnestsepa-
rately. Theidsof a subsetof theseblocksarethenrecorded
at theloopheader. Thissubsetcontainsthemostfrequently
usedblocksin thenest.By doing this, thesecondstrategy
triesto captureshort-termlocalitiesandmanagestheglobal
cachespaceat a finer granularity. Then,thesegmentscor-
respondingto themostfrequentlyusedblocksarecached.
Note that this approachcanbe expectedto result in better
globalcachehit ratio thanthe first strategy. It shouldalso
be notedthat determiningthe blocksthat will be accessed
by a loop nestis possibleasin our applicationsthereis a
one-to-onecorrespondencebetweenarraysdeclaredin the
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Figure 3. tomcatv: impact of global cache
size for a problem size of 1500.

programanddisk-residentfiles (i.e., our applicationsusea
separatefile for eacharray that they manipulate). There-
fore, thecompilercanassociatethearrayelementswith the
blocks. Also, asin thecaseof coarse-grainapproach,this
approachcantakeadvantageof profiledata(e.g.,onbranch
probabilities)whereavailable.Further, againasin thepre-
vious case,it canemploy symbolicexpression[9, 7] ma-
nipulationwhenloop trip countsarenot known at compile
time.

We implementedboth thesestrategies using the SUIF
compilerinfrastructure[23] andevaluatedthemusingcodes
wheredataaccesspatternsare statically analyzable. We
presenthereresultswith I/O-intensiveversionsof two Spec
benchmarks:tomcatv andvpenta. While the original
codesmanipulatearraysdirectly in memory, we extended
themto read/writethesearraysfromdatafilesexplicitly, be-
fore manipulatingthemin memory. Theresultsareshown
for tomcatv in Figures2 and3 asa functionof theprob-
lem size(local cachesizeof 400KB, global cachesizeof
(a) 20 MB and(b) 200MB) andasa functionof theglobal
cachesize (keepingthe problemsize fixed at 1500 - this
correspondsto matricesof size1500*1500manipulatedin
the application),respectively. In eachof thesefigures,we
comparetheperformanceof four differentexecutions:(a)a
schemewith no caching(andhenceno compileroptimiza-
tions for I/O); (b) a schemewith local and global caches
without any compileroptimizationsfor I/O; (c) a scheme
with local and global cachesin conjunctionwith coarse-
grain (file level) compileroptimizations,and(d) a scheme
with local andglobalcachesin conjunctionwith fine-grain
compileroptimizations.

ExaminingFigure2(a), we find evidencein the earlier
argumentsthatblindly cachingeverythingin the local and
globalcachescansometimesworsenperformance.Specif-
ically, we observe that theNo Caching alternative does
better than the Local & Global option (i.e., caching
everything indiscriminately),especiallyat larger problem
sizes.Theoverheadsof going to the globalcacheandnot
finding the requiredblocks in it contribute to this behav-
ior. Performingcompileroptimizationsat the coarse(file)
granularitydoesgive betterperformancethancachingev-
erything,but it still doesworsethannot cachinganything.
However, we canseethat compileroptimizationsat a fine
granularity, getsthebenefitsof theglobalcache,anddoes
turnout to bea betteralternative thannotcaching(because
it avoidsconsultingtheglobalcachewhenit feelsthedata

may not be present). This benefit improvesas the prob-
lem sizegetslarger (relative to theglobalcachesize). Ev-
idencefor the last statementis further substantiatedwhen
weexaminetheexecutionswith amuchlargerglobalcache
in Figure2(b). Here, the hit ratesin the global cacheare
muchhigher, andthealwayscacheoption is a betteridea.
As the global cachegetslarger, the selectively cacheop-
tion canpossiblylimit somedatafrom benefitingfrom this
comparedto cachingeverything.All theseobservationsare
reiteratedwhenwe look at the impactof global cacheca-
pacity for a fixed problemsize in Figure3. The benefits
of selective caching/bypassingis muchmoresignificantat
smallcachesizes,andthealwayscacheoptionbecomesbet-
ter only with largerglobalcaches.Theresultsfor vpenta
aresimilar to many of thoseobservedwith tomcatv and
areshown in [22].

In summary, wefind thatdiscretionarycachingbecomes
very importantwhentheproblemsizesof applicationsget
largeenough,andtheworkingsetscausemorethrashingin
theglobalcache.We find thata compilerbasedtechnique
for modulatingwhatto place/bypassin theglobalcachecan
alleviatesomeof thesethrashingproblemsandhelpusreap
thebenefitsof a globalcache.Of thetwo differentpolicies
thatwe tried,wefind thata finer granularityof control,is a
betteroptionthanfile level control. This is becausenot all
blockswithin a file may have the sameaccesspatternsor
accessfrequency.

5. Runtime Cache Bypass

Sofar, we have evaluatedtwo compiler-basedstrategies
(coarse-grainand fine-grain)whereour compiler decided
what to placein the global cacheand when to bypassit.
Therearemany caseswheresuchacompiler-basedstrategy
maynotbedesirableor evenapplicable.For example,when
we do not have thesourcecodeof theapplication,we can-
not analyzethe programand determineits accesspattern
statically. Similarly, in somecases,the applicationcode
might be available but the accesspatternit exhibits may
not be amenableto compiler analysis(e.g., due to array-
subscriptedarrayreferences,non-affinesubscriptfunctions,
or pointerarithmetic).However, in theseandsimilar cases,
it might be still possibleto optimizethe applicationusing
a runtimetechnique.A runtimetechniquetries to evaluate
block accessfrequenciesat runtimeandmakescacheby-
passingdecisionsdynamically.

In this section,we investigatetheeffectivenessof a run-
time strategy for managingglobal cache. Along similar
lines, therehasbeenprior work [11] in thecontext of pro-
cessordatacachesfor runtimebypassingusingaccesscoun-
ters. However, in this study, we examinea muchsimpler
strategy sincetherearesomeproblemswhenimplementing
schemessuchas(e.g.,[11, 19]) on our platformwherewe
have multiple levels of cachesand a miss from the local
cachemaynotatall go throughtheglobalcache.Ourstrat-
egy is basedon theideaof having counterswith segments.
Specifically, we associatea counterwith eachsegmentthat
keepsthenumberof timesthesegmentis accessed.These
countersarecalledsegmentcounters. Whena block needs
to bebroughtinto globalcache,its segmentcounteris com-
paredwith apre-setthresholdvalue. If thevalueof theseg-
mentcounteris largerthanthethreshold,theblockis placed
into the global cache;otherwise,the cacheis bypassed.



Whenthelocalcachegetsthisblock,it is told (eitherin the
readresponseor thewrite acknowledgment)to avoid going
throughthe global cacheif it needsto be bypassedsubse-
quently. Therationalebehindthis approachis thatwhena
block is not accessedfrequentlyenough,placingit into the
globalcachecancausea useful(i.e., morefrequentlyused
thantheblock in question)block to bediscarded.It should
benotedthatwedonotperformany checkswhentheblock
is accessedfor thefirst time (counterreadszero),andonly
subsequentlydoesthis schemekick in. Whena new block
is accessed,theharvesteron theglobalcacheexaminesall
currentlyresidingblockstofind acandidatefor replacement
whosecounteris below thethreshold(anddoessomeaging
of counterswhendoingso). Finally, in our currentimple-
mentation,the decisionfor a block (whetherto bypassor
not) is madeonly onceandwedonotre-evaluatethechoice
oncewedecideto bypasstheglobalcachefor a block.

The resultswith this strategy aregiven in Figure4 for
a global cachesize of 20 MB with two different thresh-
old values— high (20) andlow (3). We find that the run-
time strategy improvesthe performanceof global caching
for both theseextremes. The benefitsarebetterat larger
problemsizeswherecachethrashingbecomesmoresignif-
icantandweneedto becarefulonwhatto put in theglobal
cache. This is also the reasonwhy whenwe go to larger
problemsizes,themoreaggressive runtimeapproach(i.e.,
theonewith thehigherthresholdvalue)doesbetterthanthe
onewith thesmallerthreshold.We observedthat typically
thresholdvaluesin therangeof 20-50leadto betterperfor-
mancesincethey aremoreeffective in weedingout what
shouldnot beput in theglobalcache,without defaultingto
theNo Caching strategy. Consequently, we usedthresh-
old valuesin this rangein ourexperiments.
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Figure 4. Runtime cache bypassing (global
cache size is 20 MB) (a) tomcatv. (b) vpenta.

Anothersensitivity parameteris thesegmentsize.When
thesegmentsizeis verylarge,theblocksin agivensegment
do not exhibit uniform locality, therefore,a segment-wide
decisionmight bethewrong(suboptimal)choicefor many
blocksin thesegment.Similarly, if thesegmentsizeis very
small,we witnessedanincreasedtraffic throughtheglobal
cache(which in turn hurtstheperformance).It shouldalso
bestressedthatasmallsegmentsizemeansmorebookkeep-
ing and more runtime overhead. Thesetrade-offs can be
foundin [22].

In thenext setof experiments,we measuredthe impact
of our runtimeapproachusinga setof applicationtraces,
wheresucha runtimeoptimizationis theonly choice.The
tracesusedin this part of our experimentsare from [20],

which captureseveraldiversesetof applicationexecutions
(scientificandcommercial).Weevaluatedtheruntimestrat-
egy usingthetracesfor thefollowing six applications(due
to long run-times,only apartof thetraceswereexecuted):

� LU: This applicationcomputesthedenseLU decom-
positionof anout-of-corematrix. It performsI/O us-
ing synchronousread/writeoperations.We executed
thefirst 1000outof approximately8500read/writesto
demonstratethebenefitsof discretionarycaching.

� Cholesky: ThisapplicationcomputesCholesky de-
compositionfor sparse,symmetric positive-definite
matrices. It storesthe sparsematrix aspanels. This
applicationperformsI/O usingsynchronousread/write
operations. We executedthe completetrace(which
containsaround400read/writeoperations).

� Titan: This is a parallel scientific databasefor
remote-sensingdata. We executedall read/writeop-
erationsin thetrace.

� Mining: This applicationtriesto extractassociation
rulesfrom retaildata.Weexecutedall read/writeoper-
ationsin thetrace.Thefirst 1000outof approximately
6000readandwrite operationswereexecuted.

� Pgrep: This applicationis a parallelizationof agrep
programfrom theUniversityof Arizona.We executed
all read/writeoperationsin thetrace.

� DB2: This is a parallel RDBMS (Relational
DatabaseManagementSystem)from IBM. The first
60000read/writeoperations(outof nearly500000op-
erations)wereexecuted.
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Figure 5. Benefits of runtime bypassing on
application traces.

Figure5 shows the executiontime of the runtimeopti-
mized systemnormalizedwith respectto the systemthat
useslocal andglobalcachingwithout runtimebypass.We
canseethat the optimizedsystembenefitsall six applica-
tions,with thebenefits(reductionsin executiontimes)rang-
ing between4%and33%.Thebenefitsareparticularlysig-
nificantin applicationswith poorlocality (suchasDB2 and
Mining). Theseresultsreiteratethe importanceof man-
aging/bypassingtheglobalcachewith aneffective runtime
strategy.



6. Concluding Remarks

Cachingfor I/O is widely recognizedasbeingcritical for
performanceenhancementsin largecodes.Suchcachingis
typically doneat multiple levels — at the client nodes,at
the server nodes,andperhapseven in between.Eachhas
its advantagesanddrawbacks. This paperhasshown that
oneshouldnot indiscriminatelycacheall dataat all levels
of the cachinghierarchy. We have demonstratedthis by
extendingan off-the-shelfparallelfile systemfor clusters,
with a local cacheat eachnodeanda sharedglobalcache.
We have alsoprovisionedmechanismsfor bypassingeach
of thesecachesfor a read/writeoperationat a fine gran-
ularity. Onecould usesuchmechanismseitherexplicitly
by theapplication(perhapssomeprofile basedtoolscould
be useful here),or could be exploited by the compileror
the runtimesystem.In this paper, we have presentedboth
compile-timeandruntimebasedstrategiesto exploit global
cachebypassing. Using both staticallyanalyzablecodes,
aswell asseveral public-domainI/O traces,comingfrom
diversedomains,we have demonstratedthebenefitsof dis-
cretionarycachingwith thesetechniques.It shouldbenoted
that several of the previously proposedI/O optimizations
suchasprefetching,datastriping/distribution, etc. canbe
usedin conjunctionwith the ideasanddiscussionsin this
paper.
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